The current magnitude of big-game hunting has outpaced the natural growth of populations, making artificial breeding necessary to rapidly boost hunted populations. In this study, we evaluated if the rapid increase of red deer (Cervus elaphus) abundance, caused by the growing popularity of big-game hunting, has impacted the natural genetic diversity of the species. We compared several genetic diversity metrics between 37 fenced populations subject to intensive management and 21 wild free-ranging populations. We also included a historically protected population from a national park as a baseline for comparisons. Contrary to expectations, our results showed no significant differences in genetic diversity between wild and fenced populations. Relatively lower genetic diversity was observed in the protected population, although differences were not significant in most cases. Bottlenecks were detected in both wild and fenced populations, as well as in the protected population. Assignment tests identified individuals that did not belong to their population of origin, indicating anthropogenic movement. We discuss the most likely processes, which could have led to the observed high levels of genetic variability and lack of differentiation between wild and fenced populations and suggest cautionary points for future conservation. We illustrate our comparative approach in red deer. However, our results and interpretations can be largely applicable to most ungulates subject to big-game hunting as most of them share a common exploitation-recovery history as well as many ecological traits.
current deer abundances are being boosted from intensively managed populations with an economic interest.
While various studies have evaluated the consequences of deer population declines (i.e., bottlenecks) (Goodman et al. 2001; Haanes et al. 2011) , as well as some the recovery actions taken, such as reintroductions (i.e. founder effects) (Hajji et al. 2008; Conard et al. 2010; Hundertmark and Van Daele 2010) , translocations and non-native introductions (i.e., hybridization) (Senn et al. 2010; Biedrzycka et al. 2012; Pérez-Espona et al. 2013; Fernández-García et al. 2014; Smith et al. 2014; Torres et al. 2016) , and range expansions (Haanes et al. 2010; Ryckman et al. 2010; Pérez-Barbería et al. 2013) , it is unknown how rapid population increases and intensive management have impacted the natural genetic composition of the species.
Here, we present a study case from Andalusia, southern Spain, where we conducted a large-scale genetic survey of the Iberian red deer (Cervus elaphus hispanicus), which was hunted almost to extinction during the first half of the 20th century (De Leyva 2002) , and whose populations are now being recovered mainly for commercial hunting. In this region, hunting estates have experienced an unprecedented growth fueled by the economic development in the 1960s and the application of the hunting law of 1970 (Soriguer et al. 1994) . Currently, 75% of the hunting area is fenced, owned mainly by private states (Landete-Castillejos et al. 2010 ), but some wild populations under governmental management still remain as freeranging (Supplementary Figure S1) . In addition, a few historically protected populations still exist within natural reserves and national parks (Galarza et al. 2015) .
Only 2 previous studies have specifically compared genetic diversity between wild and managed red deer populations in Spain, and they have found incongruent results. In the first study, Martinez et al. (2002) did not find genetic differences between wild and managed populations, whereas in a later study Queiros et al. (2013) found the opposite. The relatively small number of populations analyzed in both studies (16 in Martinez et al. 2002; 4 in Queiros et al. 2013) makes it difficult to draw conclusive statements about patterns of genetic diversity between populations under varying levels of anthropogenic influence. A systematic comparison with large sample sizes, both in terms of number of populations and number of individuals is therefore needed to better understand the impact of management in genetic diversity.
In this study, we ask a basic, but yet largely unaddressed question; how does genetic diversity from fenced populations compares to that of wild populations? On the one hand, genetic diversity may be increased in fenced populations because management is often aimed to maintain diversity of certain phenotypic traits relevant to hunting practices. On the other hand, fenced populations may have reduced genetic diversity through drift and mutational processes because the number of breeders may be restricted, and because gene flow is suppressed by obstructing natural dispersion. Specifically, we test if 1) wild (open hereafter) populations posses higher levels of genetic variability than fenced (closed hereafter) populations, 2) closed populations are more genetically structured than open populations, and 3) closed populations have experienced more bottlenecks due to confinement. As a reference for our comparisons, we included a historically protected population from a national park. populations with a mean of 22.6 samples/population. When available, the area (in hectares) and the census size data were collected (Table 2) . Open populations consist of free-ranging herds whose natural dispersion is not affected by fencing and their management is minimal. Closed populations on the other hand, refer to herds within fenced areas with intensive management for commercial hunting purposes. The reference population from Doñana national park (Dn) is one of the few that persisted in Andalusia during the decline and has been protected ever since, with a strict conservation-only management (Soriguer et al. 2001) . The names of all sampling locations are not available and thus, we used 2 letters to identify them (Table 2) .
Materials and Methods

Samples Collection
DNA Extraction and Microsatellite Amplification
Total genomic DNA was extracted from tongue tissue through a Hot Sodium and Tris (HotSHOT) protocol (Truett et al. 2000) and from antler bone following a Silica protocol (Milligan 1998) . We genotyped all samples at 11 microsatellite loci previously isolated from other ungulates: TGLA94 (Georges et al. 1992), OarFCB193, OarFCB304 (Buchanan and Crawford 1993) , CSSM43 (Barendse et al. 1994 ), BM302, BM203 (Bishop et al. 1994 ) RT1, RT13 (Wilson et al. 1997) , NVHRT48, NVHRT73 (Røed and Midthjell 1998) , and MB25 (Vial et al. 2003) . Multiplexed PCRs were carried out according to Sanchez-Fernandez et al. (2008) in a PTC-100 Programmable Thermal Controller (MJ Research, Inc.) using the following conditions: an initial denaturation step at 95 °C for 10 min followed by 35 cycles of 30 s at 94 °C, 1 min at 54 °C, 1 min 30 s at 72 °C, and a last extension of 10 min at 72 °C. Multiplex setup and PCR labeling is described in Table 1 . Amplified products were resolved on an ABI Prism 3100 Genetic Analyser (Applied Biosystems) and scored in GENEMAPPER v 3.7 software (Applied Biosystems) using LIZ labeled ladder (0-490 bp) as size standard.
Microsatellite Analysis
Deviations from Hardy-Weinberg expectations (HWE) and linkage disequilibrium were estimated according to the level of significance determined by means of 10 000 MCMC iterations executed in GENEPOP v.4.0 (Rousset 2008) . Significance was determined by applying a Bonferroni correction setting 5% threshold level (Rice 1989) . The software MICROCHECKER (van Oosterhout et al. 2004 ) was used to predict the most likely causes of departures from HWE (i.e., large allele dropouts or stutter bands). Null allele frequencies for each locus and population were estimated using FREENA (Chapuis and Estoup 2007) with the EM algorithm.
Genetic Diversity
Genetic diversity within each population was characterized by calculating the mean number of alleles per locus using GenAlEx v.6 (Peakall and Smouse 2006) , as well as by observed (H O ) and expected heterozygosities (H E ) calculated in Arlequin v.3.5.1.3 (Excoffier and Lischer 2010). Inbreeding coefficients (F IS ) for each population were calculated in GENEPOP software v.4.0 (Rousset 2008) according to Weir and Cockerham (1984) . We used FSTAT v. 2.9.3 (Goudet 1995) to determine the effective number of alleles (R S ) correcting for sample size (i.e., allelic richness). The GenAlEx software v.6 (Peakall and Smouse 2006) was used to detect private alleles, that is, alleles exclusive to only one population (Slatkin 1985) .
Genetic Structure
To evaluate genetic structuring we implemented a Bayesian clustering algorithm using STRUCTURE v.2.3 (Pritchard et al. 2000) . This method assigns individuals to populations according to their posterior probability of membership to each of the populations given the individual's multilocus genotype. Inference was performed using the correlated allele frequency model, with no prior information about individual's geographic origin or population-type (openclosed) specified. We set the number of populations (K) from 1 to 58, and ran 3 independent iterations consisting of a burn-in step of 300 000 MCMC chains and 1 000 000 MCMC repeats after burnin. We then used STRUCTURE HARVERSTER (Earl and vonHoldt 2012) to assess the likelihood of the different Ks according to the Evanno et al. (2005) method. Finally, we used CLUMMP v.1.1.2 (Jakobsson and Rosenberg 2007) to evaluate the consistency of the results across the iterations using the full-search algorithm. The software DISTRUCT v.1.1 (Rosenberg 2004 ) was used to graphically display the results.
Comparing Genetic Diversity between Open and Closed Populations
To examine if significant genetic differences exist between open and closed populations, we compared estimates of R S , H E , and F IS for each locus. Statistical significance for differences between the estimates was attained through a Mann-Whitney test performed in MATLAB v.7. (Mathworks). Furthermore, the software STRUCTURE v.2.3 (Pritchard et al. 2000) was used in 2 different ways. First, to assess differences at the population level, we grouped the populations as open or closed, and set K = 2 using the correlated frequencies model. Second, to infer possible gene flow (i.e., individual translocations), we set the USEPOPINFO model to prespecify that all individuals originate from their respective population. The number of generations backwards (GENSBACK) was set to 1 and K was fixed to the total number of populations (K = 58). When using these parameters, miss-assignments reflect individuals with recent ancestry in a population other than where it was sampled. Both runs (K = 2 and K = 58) consisted of 1 000 000 MCMC repeats after 300 000 MCMC burn-in period. Finally, to evaluate whether closed and/or open populations have experienced recent bottlenecks, we used the software BOTTLENECK (Cornuet and Luikart 1996) setting 10 000 replicates of the two-phased model (TPM) with 70% of the mutations following a step-wise mutation model (SMM) and 30% following an infinite alleles model (IAM). A one-tailed Wilcoxon test was used to determine the significance of the resulting values.
Results
Microsatellite Analyses
Our results showed significant deviations from HWE at locus RT13 across all populations after Bonferroni correction. Likewise, 
Genetic Structure
The Bayesian clustering method implemented by STRUCTURE showed that the mean probability of the log-likelihood values (LK) saturated at K = 8 (Supplementary Figure S2) . However, the ad hoc method of Evanno et al. (2005) , which is based on the rate of change of the log-likelihood probabilities (DK), indicated that K = 5 (Supplementary Figure S2) .
Comparing Genetic Diversity between Open and Closed Populations
Overall, genetic diversity as measured by heterozygosity, allelic richness, and F IS estimates did not show significant differences ( Figure S3) . However, when the individuals were preassigned to their own population, the Bayesian analysis identified 6 individuals that showed evidence of recent ancestry in a different population, presumably as a result of translocations (Figure 3; Supplementary Figure S4 Figure S4 ). All assignment Q-values showed a high associated probability (P < 0.001).
Discussion
In the present study, we compared levels of genetic variability between wild and intensively managed fenced red deer populations. A historically protected population from a national park was also included as a baseline for comparisons. We did not find significant differences in genetic diversity between wild and fenced populations, and a high overall genetic variability was observed. We identified several individuals that were genetically assigned to other populations, indicating possible anthropogenic movement. Below we discuss the most likely processes, which could have led to the observed high levels of genetic variability and lack of differentiation between wild and fenced populations and suggest cautionary points for future conservation.
Conflicting results have been found by 2 previous studies that evaluated genetic variability in closed and open red deer populations. In the first study, Martinez et al. (2002) reported no differences, whereas Queiros et al. (2013) found the opposite in a later evaluation. Interestingly, the genetic variability from the protected population of Doñana was assessed by both studies. For this population, Queiros et al. (2013) found lower levels of variation, whereas Martinez et al. (2002) found a higher variation when compared to the other populations analyzed in their respective studies. Our results did not show clear evidence supporting either a reduced or an enhanced genetic diversity in the protected population relative to the rest. Nonetheless, our results are in line with those of Martinez et al. (2002) in that no differences were observed between open and closed populations. It should be noted, however, that the open populations (n = 8) analyzed by Martinez et al. (2002) were surrounded by fenced populations, making them effectively closed populations. In the present study, we analyzed a larger number of open populations (n = 21) that do not share borders with fenced populations. The 2 studies together suggest that fencing has a weak effect (but see below). Queiros et al. (2013) on the other hand, reported a higher genetic variability in the fenced population relative to other 2 populations that had a different management strategy.
Several explanations may be put forward in understanding previous results and ours. A combination of factors can give rise to a lack of genetic differentiation between open and closed populations. Firstly, for closed populations, a high genetic diversity observed could be due to a highly variable genome inherent to red deer. Other studies have also found high genetic diversity in red deer supporting this notion (Kuehn et al. 2003; Skog et al. 2008; Pérez-Espona et al. 2009; Niedziałkowska et al. 2011) . Recently, a comprehensive study using microsatellites showed that red deer posses high levels of genetic variation throughout Europe (Zachos et al. 2016) . A high genetic variation in closed populations may also be the result of a large effective population size at the time of fencing. Evaluating levels of genetic diversity before and after the creation of enclosures could help distinguish between these hypotheses. It has been shown that time-series analyses can reveal increases/decreases of genetic diversity in red deer and that these correlate well with management policies (Hoffmann et al. 2016) . Unfortunately, analyses of this sort are not possible in our case since no historical red deer samples are available from our sampling area.
Secondly, it is possible that the effect of fencing in genetic diversity is not yet detectable. Other studies that have made similar comparisons to ours, have found no differentiation between wild and managed populations. For instance, introduced red deer in the island of Corsica showed no signs of reduced genetic variation compared to its Sardinian source after 20 years of the introduction (Hajji et al. 2008) . Similarly, genetic variability did not differ significantly between domesticated and wild deer populations from North America, despite a domestication process of over 24 years (Cronin et al. 2009 ). The same result of no differentiation was observed in populations that had been isolated for more than 20 years between the German and Czech border (Fickel et al. 2012 ). In our case, all of Table 2 . Population ID, number of individuals genotyped, type of system, mean number of alleles (A), allelic richness (R S ), expected heterozygosity (H E ), and F IS values averaged over 8 loci and 58 red deer population sampled in Andalusia region during 3 hunting seasons (2003) (2004) (2005) (2006) The area (in hectares) and census sizes of populations are shown. Asterisk represents P < 0.005 after Bonferroni correction.
the closed populations were established after 1990 (Soriguer et al. 1994 ) when a law (Decreto 146/1998 de la Junta de Andalucía referente a la Ordenación Cinegética) allowed for their creation. Therefore, and inline with previous evidence, erosion of genetic diversity by drift and isolation, is probably not yet obvious within the timeframe of our study (≈25 years). Thirdly, our results show that undocumented translocations within Andalusia are not uncommon, and they are known to be widespread throughout Europe (Frantz et al. 2006; Skog et al. 2008; Apollonio et al. 2014) and North America (Williams et al. 2002) as well. In this respect, incoming breeders of different genetic background can quickly mask deleterious effects of drift and inbreeding (Vilà et al. 2003) , and thus, maintaining genetic variation high in closed populations. This has been suggested by previous studies where unexpectedly high genetic diversity was observed in managed and presumably closed deer populations (De Garine-Wichatitsky et al. 2009; Queiros et al. 2013 ). This could also be a contributing factor to the trend of high genetic diversity reported in studies where translocations have been identified (Skog et al. 2008; Pérez-Espona et al. 2009; Niedziałkowska et al. 2011; Karaiskou et al. 2014) . Thus, anthropogenic movement of individuals into closed populations could help explain the comparable levels of diversity with their wild counterparts. Contrary to expectations, we found genetic bottlenecks to be less common in closed populations. These results should be treated with caution, as many simultaneous factors may be causative. For instance, an initially large effective population size and/or high gene flow from neighboring populations before fencing could explain the absence of a bottleneck in closed populations. On the other hand, for open populations, the genetic bottlenecks observed may not be necessarily attributed to reductions in population size only. Natural range expansion of a small number of breeders (i.e., founder effect) can be also reflected as a genetic bottleneck. Likewise, it should be noted that bottlenecks might go undetected if population abundance increases rapidly from a few founder individuals. This is best exemplified by a previous study that failed to detect a genetic bottleneck associated with a known demographic reduction of red deer populations (Hundertmark and Van Daele 2010) . Contrasting results have also been found when different methods are applied to test for genetic bottlenecks (Queiros et al. 2013) . Finally, as mentioned above, the red deer suffered a severe demographic decline throughout Spain, and its current genetic diversity represents that of the few relict populations that remained (Galarza et al. 2015) . Thus, it is not possible to identify with certainty the process(es) underlying the bottleneck signal (or its lack of). However, our results are illustrative in that the theoretical expectation of enhanced genetic drift in closed isolated populations is not always met.
Our study provides comparative framework to address the potential implications that intensive large-scale management could have in a species' genetic diversity. Monitoring genetic diversity is particularly important when a species has suffered a severe decline and is rapidly replenish by anthropogenic means outpacing its natural growth rate. We illustrate our comparative framework on red deer, but it can be largely applicable to most ungulates subject to big-game hunting as most of them share a common exploitationrecovery history, as well as many biological and ecological traits. In our case, we see no immediate reason for concern about loss of genetic variation. However, constant monitoring on genetic diversity should be carried out, particularly in closed populations. In addition, our set of markers is thought to be representative of neutral genetic variation. Future studies should also consider the monitoring of fitness-related genes to ensure population persistence.
In conclusion, our results suggest that fenced hunting enclosures are not a determinant factor toward genetic erosion as it could be expected. However, we wish to emphasize that the populations analyzed here have been managed for a relatively short time (≈25 years). Hence, the apparent high genetic diversity observed within closed populations does not imply that a detrimental effect cannot be ongoing or has the potential to arise. It has been shown that a loss of genetic diversity can gradually occur each generation when deer populations remain small and isolated for long periods (c.a. 130 years), resulting in strong inbreeding depression, which can have visible effects even in the phenotype (Zachos et al. 2007 ). In light of the rapidly increasing pace of management practices worldwide, we advise to carefully evaluate the genetic background of breeders in order to avoid both, outbreeding and inbreeding depression, while maintaining the autochthonous genetic diversity of the species.
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